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want to put want to put ““HH”” in therein there……..

Mainly focusMainly focus
on this part !on this part !



Tevatron AcceleratorTevatron AcceleratorTevatron Accelerator

2KM

pp collisions at 1.96 pp collisions at 1.96 TeVTeV
-- Still the worldStill the world’’s Highest Energys Highest Energy

for next few months (!?)for next few months (!?)
36x36 @ 396 ns bunch crossing36x36 @ 396 ns bunch crossing

~ 3.~ 3.22 fbfb––11 data on tape.data on tape.
Initial instantaneous luminosityInitial instantaneous luminosity

Record: Record: 3.3.22 x10x103232cmcm––22ss––11

~ 6 fb~ 6 fb––11 expected by end of 2009expected by end of 2009

CDFCDF
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This analysis: 2fb-1 data.

3.2 fb-1 collected



The CDF II DetectorThe CDF II DetectorThe CDF II Detector

))2log(tan(θη −=

polar angle θ
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ηη = 1.0= 1.0
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Higgs

Standard Model Higgs BosonStandard Model Higgs BosonStandard Model Higgs Boson
The Standard Model has been well testedThe Standard Model has been well tested
against experimental data and so far providedagainst experimental data and so far provided
great success in particle physics. great success in particle physics. 
-- BUT BUT one particleone particle undiscovered yet.undiscovered yet.
--> > ““Higgs BosonHiggs Boson”” : : 

-- ““Origin of MassOrigin of Mass”” for all fermions & W/Z bosons.for all fermions & W/Z bosons.
-- ““Origin of Origin of ElectroweakElectroweak symmetry breakingsymmetry breaking””..
-- Spin 0, Charge 0 (in the SM).Spin 0, Charge 0 (in the SM).
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Why so difficult to find Higgs ?Why so difficult to find Higgs ?

Challenging but the most important taskChallenging but the most important task
in High Energy Physics.in High Energy Physics.

-- Small production cross section.Small production cross section.
-- Large backgrounds (W/Z+jets, QCD fake etc).Large backgrounds (W/Z+jets, QCD fake etc).
-- The SM (by itself) does not predict the value The SM (by itself) does not predict the value 

of the Higgs boson mass directly. of the Higgs boson mass directly. 
(possible through(possible through radiativeradiative corrections though)corrections though)

-- We donWe don’’t even know if it exists or not !t even know if it exists or not !
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Higgs Mass ConstraintHiggs Mass ConstraintHiggs Mass Constraint
Direct search @ LEP :  Excludes MDirect search @ LEP :  Excludes MHH<114.4<114.4 GeV @ 95% C.L. GeV @ 95% C.L. 

The most probable value from SM global fit : 87 The most probable value from SM global fit : 87 ±± GeVGeV
Upper bound (95% C.L) : Upper bound (95% C.L) : < 160< 160 GeVGeV

3636
2727

Indirect Constraint : From Indirect Constraint : From electroweak electroweak global fit (via loop correction).global fit (via loop correction).
Precise measurements of W and top quark mass are crucial !Precise measurements of W and top quark mass are crucial !

199819982002200220032003200420042005/2005/AA2005/2005/BB2006/2006/AA2006/2006/BB2006/2006/CC2007/2007/AA2007/2007/BB

Higgs MassHiggs Mass

TODAYTODAY
> > Top Mass (Tevatron): Top Mass (Tevatron): 

2008 Tevatron Average2008 Tevatron Average
MMtoptop= 172.6= 172.6±±1.4 GeV/c1.4 GeV/c22

--> ~0.8% precision> ~0.8% precision

> > W Mass (LEP2/Tevatron): W Mass (LEP2/Tevatron): 
2008 World Average2008 World Average
MMWW=80.398=80.398±±0.025 GeV/c0.025 GeV/c22

--> ~0.03% precision !> ~0.03% precision !



SM Higgs Production at TevatronSM Higgs Production at TevatronSM Higgs Production at Tevatron
1) 1) Gluon Fusion ProductionGluon Fusion Productiongg->H

WH

ZH

95%95%CL(LEP)CL(LEP) 95%95%CL(SM fit)CL(SM fit)
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VBF

4) 4) Vector Boson Fusion Vector Boson Fusion 
(VBF) Process(VBF) Process

VBF

2) 2) WH Associated ProductionWH Associated Production

3) 3) ZH Associated ProductionZH Associated Production
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This analysis usesThis analysis uses
ALL processes !ALL processes !

Details later.Details later.



> > Gluon Fusion ProductionGluon Fusion Production

b

b

Higgs Decay & Final State (Low Mass)Higgs Decay & Final State (Low Mass)Higgs Decay & Final State (Low Mass)
Low High Low Mass Higgs at TevatronLow Mass Higgs at Tevatron

Having Having ““LeptonLepton”” (e or (e or µµ)) is very powerfulis very powerful
to reduce QCD(jet) background but losing to reduce QCD(jet) background but losing 
signal events due to W/Z decay BR.signal events due to W/Z decay BR.

Largest Largest  σ× σ× BR (~1pb) BR (~1pb) 
But But Huge QCD background !Huge QCD background !

> > WHWH lvbblvbb(Lepton+Met+2bjet)(Lepton+Met+2bjet)

> > ZHZH llbbllbb(2lepton+2bjet)(2lepton+2bjet)

> > ZHZH vvbbvvbb((MissingEtMissingEt+2bjet)+2bjet)
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67%67%33%33%BR(%)BR(%)

22jetsjetslv lv W W 

20%20%

vvvv

70%70%10%10%BR(%)BR(%)

22jetsjetsll ll Z Z 

> > NNsigsig = =  σ σprod prod ×× BR(HBR(H ) ) ××BR(W/ZBR(W/Z ))×ε××ε×LL



ddφφ betweenbetween
two leptonstwo leptons

Higgs Decay & Final State (High Mass)Higgs Decay & Final State (High Mass)Higgs Decay & Final State (High Mass)

> > Gluon Fusion ProductionGluon Fusion Production

High High Mass Higgs at TevatronHigh Mass Higgs at Tevatron

Clean Signature : Clean Signature : 
-- ““2 high2 high--Pt Leptons+Large Pt Leptons+Large MissingEtMissingEt””

& e.g. d& e.g. dφφ(lep,lep) is very powerful !(lep,lep) is very powerful !
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67%67%33%33%BR(%)BR(%)

22jetsjetslv lv W W 

20%20%

vvvv

70%70%10%10%BR(%)BR(%)

22jetsjetsll ll Z Z 

> > NNsigsig = =  σ σprod prod ×× BR(HBR(H ) ) ××BR(WBR(W ))×ε××ε×LL



~1 Year Ago : When this analysis started~1~1 Year Ago : When this analysis startedYear Ago : When this analysis started

Q. Trying to find or exclude the Higgs ?Q. Trying to find or exclude the Higgs ?
Of course, trying to discover it.Of course, trying to discover it.
In fact, this analysis was optimized In fact, this analysis was optimized 
to get the highest S/sqrt(B). to get the highest S/sqrt(B). 
However, unless we find a strong However, unless we find a strong 
smokingsmoking--gun in data, we should try to gun in data, we should try to 
exclude it as soon as possible ! exclude it as soon as possible ! 
Either case, it opens new era.Either case, it opens new era.

In each analysis, many hard worksIn each analysis, many hard works
have been done to improve sensitivity.have been done to improve sensitivity.
Extending lepton ID, Improving Extending lepton ID, Improving btagging btagging qualityquality
using advanced technique , data driven bkg etcusing advanced technique , data driven bkg etc……..

~100 ~100 people are heavily involved in andpeople are heavily involved in and
making enormous efforts to obtain even making enormous efforts to obtain even 
55--10% improvement !!!10% improvement !!!

Very OLD !!! In 2006 (all with 1fbVery OLD !!! In 2006 (all with 1fb--11)  )  The latest will be shown later in this talk.The latest will be shown later in this talk.
How to read the right plot ?How to read the right plot ?
-- It is a 95% C.L upper limit It is a 95% C.L upper limit 

divided by the SM prediction.divided by the SM prediction.
So if we reach 1 So if we reach 1 that Higgsthat Higgs
mass point is excluded !mass point is excluded !

Here we need new ideas !Here we need new ideas !
This analysis is part of itThis analysis is part of it
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Ideas : “ττ” mode in SM Higgs SearchIdeas : Ideas : ““ττττ”” mode in SM Higgs Searchmode in SM Higgs Search
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7.8fb ZH llbb

15.6fb ZH vvbb

28.7fb WH lvbb

σ x BRl: e or µ

5.85.8fbfb22ττ+2+2jetjetVBF HVBF H ττττ

5.55.5fbfb22ττ+2+2jetjetZHZH jjjjττττ

83.283.2fbfb22ττgggg-->H>H ττττ

1.61.6fbfbMet+2Met+2ττZHZH vvvvττττ

8.88.8fbfb22ττ+2+2jetjetWHWH jjjjττττ

0.80.8fbfb22lepton+2lepton+2ττZHZH llllττττ

4.34.3fbfbLepton+Met+2Lepton+Met+2ττWHWH lvlvττττ

σσx BR x BR ((MMHH=115)=115)Final StateFinal StateProcessProcess

Of course tau decay, detection efficiency and Of course tau decay, detection efficiency and 
backgrounds have to be taken into account, backgrounds have to be taken into account, 
But with L=2fbBut with L=2fb--11, , ““56 events56 events”” are produced at are produced at 
the collision if the Higgs is there !the collision if the Higgs is there !

> > Aim: Improve Low Mass Higgs search sensitivity.Aim: Improve Low Mass Higgs search sensitivity.
-- Looking at different decay mode (HLooking at different decay mode (H ττττ) is very) is very
important in a physics sense.(all others use important in a physics sense.(all others use HH bbbb))

-- Difficult due to smaller BR(10% compared to Difficult due to smaller BR(10% compared to HH bbbb). ). 

Simultaneous search by adding Simultaneous search by adding ““4 SM 4 SM 
Higgs processesHiggs processes”” is completely new !is completely new !
Dominant background is expected to Dominant background is expected to 
be Zbe Z ττττ+jets that can be well handled. +jets that can be well handled. 
(w.r.t. normalization & shape).(w.r.t. normalization & shape).

(MH=115 GeV)

67%67%33%33%BR(%)BR(%)

22jetsjetslv lv W W 

20%20%

vvvv

70%70%10%10%BR(%)BR(%)

22jetsjetsll ll Z Z 

5.85.8fbfb22ττ+2+2jetjetVBF HVBF H ττττ

5.55.5fbfb22ττ+2+2jetjetZHZH jjjjττττ

83.283.2fb(~8fb)fb(~8fb)22ττ(+>=2(+>=2jet)jet)gggg-->>HH ττττ

1.61.6fbfbMet+2Met+2ττZHZH vvvvττττ

8.88.8fbfb22ττ+2+2jetjetWHWH jjjjττττ

0.80.8fbfb22lepton+2lepton+2ττZHZH llllττττ

4.34.3fbfbLepton+Met+2Lepton+Met+2ττWHWH lvlvττττ

σσx BR x BR ((MMHH=115)=115)Final StateFinal StateProcessProcess
WH+ZH+VBF+ggHWH+ZH+VBF+ggH 22ττ+2jets+2jets
* Total * Total σσ x BR is ~ 28 fb !!!x BR is ~ 28 fb !!!
-- Comparable to existing analyses.Comparable to existing analyses.



gg->H

WH

ZH
VBF

gg->H

WH

ZH

VBF

Another Motivation : TeV4LHCAnother Motivation : TeV4LHCAnother Motivation : TeV4LHC

ATLASATLAS

* * VBF HVBF H ττττ+2jets+2jets plays a very important role in LHC !plays a very important role in LHC !

> > Two very forward jetsTwo very forward jets
Large rapidity gapLarge rapidity gap
between two jets.between two jets.
Clean Clean ττττ signaturesignature
in central region.in central region.
It would (might) be It would (might) be 
useful to look at this useful to look at this 
final state at Tevatron !final state at Tevatron !
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?



Detection (Decay Mode) :Detection (Decay Mode) :
-- Leptonic Decay : BR=~35%Leptonic Decay : BR=~35%

> > ττ±± ee±± ((µµ±±))ννe(e(µµ))ννττ
Look for isolated Look for isolated ““electronelectron”” or or ““muonmuon””..

But Pt is relatively small compared But Pt is relatively small compared 
to ones from W or Z decay.to ones from W or Z decay.

-- Hadronic Decay : BR=~65%  (~40% associated with Hadronic Decay : BR=~65%  (~40% associated with ππ00))
> > ““1prong1prong”” (50%): (50%): ττ±± ννττ + h+ h±± + n(+ n(ππ00))
> > ““3prong3prong”” (15%): (15%): ττ±± ννττ + + hh±±hh hh±± + n(+ n(ππ00))±±

About Tau LeptonAbout Tau LeptonAbout Tau Lepton
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Heavy lepton : Mass = 1.78 GeVHeavy lepton : Mass = 1.78 GeV
Short lived leptonShort lived lepton
-- Mean lifetime: 291 ps (cMean lifetime: 291 ps (cττ =87 =87 µµm)m)

6%,6%,
ττeeττµµ

23%23%
ττhhττee

3%,3%,
ττµµττµµ41%,41%,

ττhhττhh

23%, 23%, ττhhττµµ

3%,3%,
ττeeττee

In case of 2 In case of 2 ττ’’ss (this analysis):(this analysis):
ττleplepττleplep:  BR=12% (Small but feasible with :  BR=12% (Small but feasible with eeµµ)  )  
ττleplepττhadhad:  BR=46%  :  BR=46%  ““Used in this studyUsed in this study”” (Golden Mode in this channel)  (Golden Mode in this channel)  
ττhadhadττhadhad: BR=41% (Large QCD background): BR=41% (Large QCD background)

It is just a narrow jet with lowIt is just a narrow jet with low
track multiplicity (1 or 3 tracks).track multiplicity (1 or 3 tracks).
so the so the ““keykey”” is track and is track and ππ0 0 

reconstructions.reconstructions.



τhad Identification at CDFττhadhad Identification at CDFIdentification at CDF
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Basic Selection CutsBasic Selection Cuts
Et(seedtwr) > 6.0Et(seedtwr) > 6.0
Et(shEt(sh--twr) > 1.0  twr) > 1.0  --> N(twr) <= 6> N(twr) <= 6
Pt(seedtrk) > 6.0,   Pt(seedtrk) > 6.0,   
Pt(shPt(sh--trk) > 1.0trk) > 1.0
Et(pi0) > 0.5Et(pi0) > 0.5
Cluster |detector eta|<1.0Cluster |detector eta|<1.0

Signal Cone Definition:Signal Cone Definition:
-- Using Using Energy Dependent Shrinking Signal ConeEnergy Dependent Shrinking Signal Cone

<<1.8 1.8 GeVGeVVisible Visible ττ MassMass

>>15 15 GeVGeVVisible Visible ττ PtPt

<<0.10.1Calorimeter Iso.Calorimeter Iso.
== 0== 0N of N of ππoo in isolation conein isolation cone
== 0== 0N of track in isolation coneN of track in isolation cone

==1 ==1 or 3or 3N of track in signal coneN of track in signal cone

Visible Visible ττ = Sum of tracks and = Sum of tracks and ππoo

candidates in signal cone.candidates in signal cone.

Electron Removal byElectron Removal by



Comparing visible Comparing visible ττ Pt in WPt in W τντν sample.sample.

Energy Scale between data and MC is Energy Scale between data and MC is 
consistent within 1% consistent within 1% Great modeling !Great modeling !

τhad Reconstruction Qualityττhadhad Reconstruction QualityReconstruction Quality
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Signal Efficiency : 40~50%Signal Efficiency : 40~50% Fake Rate : 0.1~1.0%Fake Rate : 0.1~1.0%

> > About the same quality as About the same quality as btaggingbtagging



ττ mode is well established at CDF !ττττ mode is well established at CDF !mode is well established at CDF !
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ZZ ττττ MeasurementMeasurement

MSSM HMSSM H ττττ analysisanalysis

Tau Object has been well validated and widely used for various pTau Object has been well validated and widely used for various physics case.hysics case.
So it is time to use and optimize So it is time to use and optimize ττττ mode for SM Higgs Search specifically !mode for SM Higgs Search specifically !

σσ((ZZ ττττ)) = 263= 263±±23(stat.)23(stat.)±±21(21(systsyst.)pb.)pb
σσ(theory) = 251(theory) = 251±±5pb5pb

* * PRD75  092004 (2007)PRD75  092004 (2007)

-- W&C by A. W&C by A. AnastassovAnastassov, Feb.2007, Feb.2007
** PRL96 011802 (2006)PRL96 011802 (2006)



Start of AnalysisStart of Analysis
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Analysis RoadmapAnalysis RoadmapAnalysis Roadmap

B
lind A

nalysis
B

lind A
nalysis

Open the Box !Open the Box !

Higgs Signal MCHiggs Signal MC

Event SelectionEvent Selection

Results : Set the limits (or claim discovery ?)Results : Set the limits (or claim discovery ?)

Multivariate Technique (NN,ME,LH,BDT etc)Multivariate Technique (NN,ME,LH,BDT etc)

SM BackgroundsSM Backgrounds Real DataReal Data

Ideas, yes you need ideas !  
Basic feasibility studies

Generate Signal MC.
32 samples(this analysis)

13M events in total !
How many signal events ?

What trigger ?
Trigger Efficiency
Data/MC Scale Factors
All Calibrations OK ?

Careful Comparisons of Data and Prediction (in Control Regions).
Check Estimation and  Kinematics Shapes

Ask if we understand data very well. 
Determine Final Analysis Strategy

Counting ? 1D variable Fit ? or….

What kinds of Background ?
- How to estimate ?
- How to model ?

- MC or data driven ?
- can be well handled ?

Determine event selection criteria.
Basic Particle ID works well ? Is it good enough ?
Optimize cuts (hard cuts) or keep events as many  as possible ?

Check the results
All bkg are as expected ? 
Any unexpected behavior ?

Analysis Optimization
Estimate Systematic Uncertainty

Evaluate the expected sensitivity



jetjet jetjet

ττleplep ττhadhad
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Event Selection & Signal ExpectationEvent Selection & Signal ExpectationEvent Selection & Signal Expectation

Signal Yield: MSignal Yield: MHH = 120 GeV= 120 GeV

Reference Numbers :Reference Numbers :
WHWH lvbblvbb((120@1.9/fb120@1.9/fb):):

2 2 btagsbtags:  :  Signal 1.7 ev  | Background  170 ev Signal 1.7 ev  | Background  170 ev 
1 1 btag btag :  Signal 1.8 ev  | Background  800 ev:  Signal 1.8 ev  | Background  800 ev

Luminosity : 2fbLuminosity : 2fb--11

Event Selection : Event Selection : 
1.  == 1 Central Lepton with 1.  == 1 Central Lepton with Pt > 10 GeVPt > 10 GeV
2.  == 1 tight Hadronic Tau with visible 2.  == 1 tight Hadronic Tau with visible Pt > 15 GeVPt > 15 GeV

CDF has dedicated trigger for Z(or H)CDF has dedicated trigger for Z(or H) ττττ analysis, analysis, 
called called ‘‘lepton+tracklepton+track’’ trigger !trigger !

3. Lepton and Tau has to be Opposite Sign (OS)   3. Lepton and Tau has to be Opposite Sign (OS)   
4. >=2jets with 4. >=2jets with Et > 15 GeVEt > 15 GeV and and ||ηη| < 2.5| < 2.5
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Backgrounds in τlepτhad+2jetsBackgrounds inBackgrounds in ττleplepττhadhad+2jets+2jets

MCMC

SS dataSS data
MCMC
MCMC
MCMC

MCMC
ShapeShape

-- Low Mass Z      Low Mass Z      

ALPGEN:  KALPGEN:  K--factor(NLO)=1.4factor(NLO)=1.4MCMCZZ eeee//µµµµ+jets+jets

Need to estimate KNeed to estimate K--factor & Nfactor & NOSOS/N/NSSSS ratio in ratio in 
Data. Data. Details later.Details later.

DataDataAdditional W+jetsAdditional W+jets
(=N(=NOSOS--NNSSSS))

-- W+jets (SS)W+jets (SS)
-- γγ++jetsjets
-- QCD QCD MultijetsMultijets

Very complicated and hard to model. Very complicated and hard to model. 
-- Can not use MC !.Can not use MC !.
Directory use Directory use ““SS dataSS data””, some small , some small 
corrections have to be made for Z+jets     corrections have to be made for Z+jets     
and W+jets. and W+jets. 
-- Details will be described later.Details will be described later.

SS dataSS dataJetJet ττ fakefake

PYTHIA:    (WW/WZ/ZZ)PYTHIA:    (WW/WZ/ZZ)MCMCDibosonDiboson
PYTHIA:   Top Mass = 175GeV (6.7pb)PYTHIA:   Top Mass = 175GeV (6.7pb)MCMCttbarttbar

ALPGEN:  KALPGEN:  K--factor(NLO)=1.4factor(NLO)=1.4MCMCZZ ττττ+jets+jets
CommentsCommentsEstimateEstimateSourceSource
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Using Same Sign Data for jet τhadUsing Same Sign Data for Using Same Sign Data for jetjet ττhadhad

OS    OS    SSSSQCDQCD =
In order to use SS data directlyIn order to use SS data directly
to model to model jetjet ττhadhad backgrounds,backgrounds,
We made some assumptions first.We made some assumptions first.

3 issues to be addressed :3 issues to be addressed :

OS    OS    SSSS

=
W+jetsW+jets

e/e/µµ
ττhadhad

jetjet
ττhadhad

OS    OS    SSSS

ZZ-->>eeee//µµµµ

l

l

1. 1. Check if QCD SS=OS.Check if QCD SS=OS.

2. 2. Asymmetry in W+jets eventAsymmetry in W+jets event
due to charge correlation betweendue to charge correlation between
W and outgoing quark.W and outgoing quark.

Typically NTypically NOS OS > N> NSSSS
> Need to know N of OS> Need to know N of OS--SS event SS event 

and add extra contribution to OS.and add extra contribution to OS.

3. 3. In DY events, if e/In DY events, if e/µµ tautau 100% OS. 100% OS. 
But if one lepton is missed andBut if one lepton is missed and jetjet tautau, , 
there is an overlap between SS datathere is an overlap between SS data
and OS MC. and OS MC. 
--> Need to avoid double counting> Need to avoid double counting

in MC estimate.in MC estimate.



Check of QCD Events (OS=SS ?)Check of QCD Events (OS=SS ?)Check of QCD Events (OS=SS ?)

dR=0.4

electron

)(
)()4.0(

electronE
electronEdREIsolation

T

−<
=

If real lepton If real lepton IsolatedIsolated
If Jet fake If Jet fake nonnon--isolatedisolated
* electron/muon ID requires * electron/muon ID requires 

Isolation < 0.1.Isolation < 0.1.

jet

Real Lepton Shape Real Lepton Shape 
From MC ZFrom MC Z-->tautau >tautau 
sample.sample.

Final shapeFinal shape
comparisoncomparison
in signal region.in signal region.

Fit : Fit : Exp(real lepton) Exp(real lepton) + + LaudauLaudau(jet fake)(jet fake)

00jetjet 11jetjet

All jetAll jet
>=2>=2jetjet

> > Expected N of events from the fit (Exp+Landau) are Expected N of events from the fit (Exp+Landau) are 
consistent between OS and SS within uncertainties.consistent between OS and SS within uncertainties.

> Agreement between data and final prediction looks> Agreement between data and final prediction looks
great great OS=SS assumption is verified.OS=SS assumption is verified.

OS dataOS data

SS dataSS data

OS dataOS data

SS dataSS data

OS dataOS data

SS dataSS data

OS dataOS data

SS dataSS data
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> > Lepton IsolationLepton Isolation is a nice variable to check QCD rate.is a nice variable to check QCD rate.
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Add-on W+jets ContributionAddAdd--on W+jets Contributionon W+jets Contribution
> > What we want is NWhat we want is NOSOS –– NNSS SS (Add(Add--on W+jets)on W+jets)
> Two unknowns :> Two unknowns :

1. Overall K1. Overall K--factor (expected 1.4 (NLO)).factor (expected 1.4 (NLO)).
2. SS/OS ratio. 2. SS/OS ratio. 

OS    SS (data)OS    SS (data)

-- ““Loose tau IDLoose tau ID”” sample with Met & Mt cuts sample with Met & Mt cuts 
to purify W+jets events to purify W+jets events 

(other backgrounds are subtracted).(other backgrounds are subtracted).

K(SS)=N(Data)/N(MC)=1.4K(SS)=N(Data)/N(MC)=1.4



Kinematics Check of SS W+jets KfactorKinematics Check of SS W+jets Kinematics Check of SS W+jets KfactorKfactor
Lepton PtLepton Pt Missing EtMissing Et Transverse MassTransverse Mass

After Correction After Correction 
(x1.4)(x1.4)

After Correction After Correction 
(x1.4)(x1.4)
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Background SummaryBackground SummaryBackground Summary

Njet dist.Njet dist.

ZZ ττττ cross section check.cross section check.
σσ = 263.5 = 263.5 ±± 3.8 pb (stat.only)3.8 pb (stat.only)

(systematic error: ~10%)(systematic error: ~10%)
NNLO theory (NNLO theory (σσ= = 251.3 251.3 ±± 5.0pb)5.0pb)

Consistent within uncertainties.Consistent within uncertainties.

Dominated by fake and ZDominated by fake and Z ττττ
others are relatively small.others are relatively small.
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Kinematics : Lepton Pt & Missing EtKinematics : Lepton Pt & Missing EtKinematics : Lepton Pt & Missing Et

Lepton PtLepton Pt Missing Et (Met)Missing Et (Met)

00jetjet

All jetAll jet

11jetjet

>=2>=2jetjet

00jetjet

All jetAll jet

11jetjet

>=2>=2jetjet
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Kinematics : Mt(Lepton.Met)Kinematics : Mt(Lepton.Met)Kinematics : Mt(Lepton.Met)

W+jets Correction works pretty well !!!W+jets Correction works pretty well !!!

ττleplepττhadhad++0jet0jet

ττleplepττhadhad++alljetalljetττleplepττhadhad++>=2jet>=2jet

ττleplepττhadhad++1jet1jet
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More & MoreMore & MoreMore & More

And more..And more..
Many checks done and Many checks done and 
data is consistent withdata is consistent with
predictions.predictions.



alphaalpha betabeta

Ditau mass beforeDitau mass before Ditau mass afterDitau mass after

jetjet jetjet

ττleplep ττhadhad
betabeta
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Full ττ Mass : Collinear ApproximationFull Full ττ Mass : Collinear ApproximationMass : Collinear Approximation

ττleplep = (1+alpha)x Lepton= (1+alpha)x Lepton
ττhad  had  = (1+beta)  x Visible Tau= (1+beta)  x Visible Tau

> > For signal, alpha and beta For signal, alpha and beta 
should be both positive.should be both positive.

~10%~10%W+jetsW+jets
~27%~27%ttbarttbar
~78%~78%ZZ-->>ττττ

~80%~80%Higgs SignalHiggs Signal
EfficiencyEfficiencyalpha>0 & beta>0alpha>0 & beta>0

alphaalpha
Missing EtMissing Et



jetjet jetjet

ττleplep ττhadhad
betabetaalphaalpha

Missing EtMissing Et
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Full ττ Mass : Collinear ApproximationFull Full ττττ Mass : Collinear ApproximationMass : Collinear Approximation

alphaalpha

betabeta

Data: Full Data: Full ττττ MassMass



Analysis Optimization
~ Neural Network Analysis ~

Analysis OptimizationAnalysis Optimization
~ Neural Network Analysis ~~ Neural Network Analysis ~
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Why Multivariate Technique ?Why Multivariate Technique ?Why Multivariate Technique ?

3.3. BecauseBecause…… We have great understandings ofWe have great understandings of
1.1. Background EstimateBackground Estimate (e.g. Z(e.g. Z ττττ Cross section Measurement)Cross section Measurement)
2. Kinematics Shape2. Kinematics Shape (more than 50 checked !)(more than 50 checked !)
3. Correlation between kinematics variables3. Correlation between kinematics variables..

““Multivariate TechniqueMultivariate Technique”” to increase search sensitivity !to increase search sensitivity !

1. 1. BecauseBecause…… S/B is quite small.S/B is quite small.
Counting experiment is impossible.Counting experiment is impossible.
Event selection is minimum to retain as many signal events as pEvent selection is minimum to retain as many signal events as possible.ossible.
Lots ofLots of variables to discriminate signal from background still unused.variables to discriminate signal from background still unused.

2.2. BecauseBecause…… No miracle variable No miracle variable 
Each variable has its own discrimination power with some correlEach variable has its own discrimination power with some correlation to ation to 
others, but no single magic variable exist !others, but no single magic variable exist !

Yes, it is only possible when we understand Yes, it is only possible when we understand 
data very well and know how to handle it !data very well and know how to handle it !
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Examples of Good DiscriminantExamples of GoodExamples of Good DiscriminantDiscriminant



Good NN example :Good NN example :
““tt cross section tt cross section 
measurement at CDFmeasurement at CDF””
PRD 72 052003 (2005)PRD 72 052003 (2005)

………….

April 25April 25thth 2008 2008 SM Higgs SM Higgs →→ ττττ at CDF at CDF Kohei YoritaKohei Yorita (U. of Chicago)   (U. of Chicago)   p33/43p33/43

Putting together into Neural NetworkPutting together into Neural NetworkPutting together into Neural Network

NNinputinput
NNhiddenhidden

NNoutputoutput

Concept: Localize Signal and Background apart from each other byConcept: Localize Signal and Background apart from each other by multimulti--inputs (kinematics).inputs (kinematics).

…
..

…
..…

..

…
..…

..

…
..

NN Output Score
0              0.5             1

SignalSignal

NN Output Score
0              0.5             1

BackgroundBackground

NN training determines weights NN training determines weights 
for each path and thresholds for for each path and thresholds for 
each node to maximize separation each node to maximize separation 
performance. performance. 



List of input variables for eachList of input variables for each
NN training.NN training.
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NN ConfigurationNN ConfigurationNN Configuration

**
**
**

After careful optimization for possibleAfter careful optimization for possible
NN configurations and analysis procedures,NN configurations and analysis procedures,
the best procedure turned out to train 3NN:the best procedure turned out to train 3NN:

-- NN (Mixed Signal vs ZNN (Mixed Signal vs Z ττττ))
-- NN (Mixed Signal vs Top)NN (Mixed Signal vs Top)
-- NN (Mixed Signal vs QCD) NN (Mixed Signal vs QCD) 

Then select minimum of the three scoreThen select minimum of the three score
to make the final distribution (1D).to make the final distribution (1D).

NN is trained at each Higgs mass NN is trained at each Higgs mass 
point (115point (115--150 GeV).150 GeV).



Select Minimum Score from three NN outputsSelect Minimum Score from three NN outputs

> > For a given event,For a given event,
calculate 3 NN scores,calculate 3 NN scores,
then select minimum of then select minimum of 
the three. the three. 

This is the finalThis is the final
NN shape to be fitted.NN shape to be fitted.

> Procedure is actually > Procedure is actually 
very simple !very simple !

April 25April 25thth 2008 2008 SM Higgs SM Higgs →→ ττττ at CDF at CDF Kohei YoritaKohei Yorita (U. of Chicago)   (U. of Chicago)   p35/43p35/43

NN TemplatesNN TemplatesNN Templates
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Signal Systematic UncertaintySignal Systematic UncertaintySignal Systematic Uncertainty

> > Typically ~10% in total. Typically ~10% in total. 
> Larger in > Larger in gggg HH+2jets due to +2jets due to 

““jetjet”” related uncertainties (JES and ISR).related uncertainties (JES and ISR).
>> JetEnergyScaleJetEnergyScale shape systematic is shape systematic is 

also taken into account.also taken into account.
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Systematic Uncertainty on BackgroundSystematic Uncertainty on BackgroundSystematic Uncertainty on Background

> > All All JetJet tautau fake backgrounds are datafake backgrounds are data--driven (SS data),driven (SS data),
Only statistical uncertainty on SS data is assigned as Only statistical uncertainty on SS data is assigned as systematicssystematics..

> Also normalization for W+jets coming from data,> Also normalization for W+jets coming from data,
The error of normalization is only needed. (KThe error of normalization is only needed. (K--factor = 1.4 factor = 1.4 ±± 0.2)0.2)
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Finally…. Open the BoxFinallyFinally……. Open the Box. Open the Box

No significant excess in signal region No significant excess in signal region 
unfortunately..unfortunately..

Proceed to set 95% C.L. limit.Proceed to set 95% C.L. limit.
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Observed Limits (95% C.L.)Observed Limits (95% C.L.)Observed Limits (95% C.L.)

Likelihood Shape for each massLikelihood Shape for each mass

110 110 GeVGeV 115 115 GeVGeV

120 120 GeVGeV 130 130 GeVGeV

140 140 GeVGeV 150 150 GeVGeV

> > Binned Likelihood Technique.Binned Likelihood Technique.
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Impact of This AnalysisImpact of This AnalysisImpact of This Analysis
This result added This result added 10% improvement10% improvement to to 
low mass CDF combined results !!!low mass CDF combined results !!!
-- Statistically independent to other Statistically independent to other 

existing analyses existing analyses ((HH bbbb))
-- Almost no correlation for systematicAlmost no correlation for systematic

uncertainty. In uncertainty. In HH bbbb, , bjet bjet related errorrelated error
is dominant.is dominant.

MMHH=115 GeV=115 GeV

Right plot: Right plot: 
-- History & Projection for exclusion limit.History & Projection for exclusion limit.
-- This analysis is one of the main This analysis is one of the main 

improvement for a transition from improvement for a transition from 2007 2007 
toto 20082008 projection !projection !

Exclusion of 115 GeV Higgs should be possible with expected imprExclusion of 115 GeV Higgs should be possible with expected improvements ovements 
and ~6 fband ~6 fb--1 1 data (data (If Higgs doesnIf Higgs doesn’’t existt exist).).

Putting all together, small improvement can Putting all together, small improvement can 
make a big difference. e.g. 4 improvements make a big difference. e.g. 4 improvements 
with 10% each are equivalent to double the with 10% each are equivalent to double the 
luminosity. luminosity. 
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The Latest Tevatron LimitsThe Latest Tevatron LimitsThe Latest Tevatron Limits

April 2008April 2008

At MAt MHH=115 GeV:=115 GeV:
Expected Limit : 3.3 x SMExpected Limit : 3.3 x SM
Observed Limit : 3.7 x SMObserved Limit : 3.7 x SM

At MAt MHH=160 GeV:=160 GeV:
Expected Limit : 1.6 x SMExpected Limit : 1.6 x SM
Observed Limit : 1.1 x SMObserved Limit : 1.1 x SM

Yes, we are landing to SM, fasten your seatbelt !Yes, we are landing to SM, fasten your seatbelt !
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Summary & FutureSummary & FutureSummary & Future
This is the first dedicated search for the SM Higgs decaying to This is the first dedicated search for the SM Higgs decaying to ττττ..

Simultaneous fit of 4 signal processes gave ~30% sensitivity coSimultaneous fit of 4 signal processes gave ~30% sensitivity comparedmpared
to other single analysis (e.g. to other single analysis (e.g. WHWH lvbblvbb).).

In combination, this result added ~10% improvement to the CDF sIn combination, this result added ~10% improvement to the CDF sensitivity.ensitivity.

This analysis is a good example of connection between Tevatron This analysis is a good example of connection between Tevatron & LHC & LHC 
(for VBF(for VBF ττττ+2jets+2jets) in terms of background estimate and modeling.) in terms of background estimate and modeling.

FutureFuture
This is just a beginning of analysis.This is just a beginning of analysis.

-- Adding 0jet/1jet from Adding 0jet/1jet from gggg HH..
-- Adding lepAdding lep--lep, hadlep, had--had mode.had mode.
-- Extend it to Extend it to HH WWWW lvlvττvv for high for high 

mass Higgs search.mass Higgs search.
-- Use different trigger path e.t.c.Use different trigger path e.t.c.
-- Even more..Even more..

A comment from CDF spokespeople:A comment from CDF spokespeople:
This demonstrates the determination with which CDF is pursuiThis demonstrates the determination with which CDF is pursuing every cornerng every corner
of phaseof phase space to gather evidence for the Higgs at the Tevatron !space to gather evidence for the Higgs at the Tevatron !



CDF/Tevatron Never Give Up !CDF/Tevatron Never Give Up !CDF/Tevatron Never Give Up !

Photo Courtesy of Architect Firm at Photo Courtesy of Architect Firm at KarlsruheKarlsruhe
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